Abstract Bevacizumab (BEV) is widely used for treatment of patients with recurrent glioblastoma. It is not known if there are differences in outcome between early versus delayed BEV treatment of recurrent glioblastoma. We examined the relationship between the time of starting BEV treatment and outcomes in patients with recurrent glioblastoma. In this retrospective chart review, we identified patients with recurrent glioblastoma diagnosed between 2005 and 2011 who were treated with BEV alone or BEV-containing regimens. Data was analyzed to determine overall survival (OS) from time of diagnosis and progression free survival (PFS) from time of starting BEV. A total of 298 patients were identified, 112 patients received early BEV, 133 patients received delayed BEV, and 53 patients were excluded because they either progressed within 3 months of radiation or received BEV at the time of diagnosis. There was no significant difference in PFS between patients that received early BEV and those that received delayed BEV (5.2 vs. 4.3 months, p = 0.2). Patients treated with delayed BEV had longer OS when compared to those treated with early BEV (25.9 vs. 20.8 months, p = 0.005). In patients with recurrent glioblastoma, there was no significant difference in PFS from the time of starting BEV between early and delayed BEV. Although patients treated with delayed BEV seemed to have longer OS, a conclusion regarding OS outcome requires further prospective trials. These results may indicate that delaying treatment with BEV is not detrimental for survival of patients with recurrent glioblastoma.
Introduction
Glioblastoma is the most common malignant primary brain tumor in adults [1] . Despite using an aggressive approach with multimodality therapy, survival is poor with a median survival of only 15 months [2] . Unfortunately, treatment options have remain limited. Bevacizumab (BEV), a humanized monoclonal antibody that inhibits vascular endothelial growth factor (VEGF), received accelerated approval in 2009 for treatment of recurrent glioblastoma by Food and Drug Administration [3] . Following its approval in recurrent glioblastoma many clinicians have sought to determine the optimal timing for using BEV but this question remains unanswered [4] .
Previous studies have shown that recurrent glioblastoma after BEV failure are aggressive and resistant to subsequent salvage therapies [5] . Upon cessation of BEV, rapid clinical deterioration has been observed seemingly as a result of this aggressive phenotype and increased vasogenic edema [6] . This has led to the concern that treating recurrent glioblastoma with BEV early in the disease might lead to a more aggressive phenotype on recurrence and may reduce any expected survival benefit. In this retrospective study, we examined the survival outcome of patients with recurrent glioblastoma treated with early BEV versus those treated with delayed BEV.
Methods and materials

Patients
This retrospective chart review study was approved by the institutional review board (IRB) of the University of Texas MD Anderson Cancer Center. Data on a total of 298 patients diagnosed with recurrent glioblastoma and gliosarcoma, who were treated with BEV alone or BEV-containing regimens between July 2005 and June 20 [1] 1 were collected from our database. All the patients had a pathologically-confirmed diagnosis of glioblastoma and gliosarcoma. Collected data included age at diagnosis, sex, date of diagnosis, extent of resection, date of first recurrence, date of start of BEV, number of recurrences before start of BEV, Karnofsky performance score (KPS) at the time of start of BEV, date of recurrence after start of BEV, and date of death or last follow-up.
Treatment
Treatment characteristics recorded included extent of resection (biopsy only, subtotal or gross total resection) determined by reviewing reports of post-operative imaging (MRI or CT), or operative reports (if imaging was not available). Treatment after surgery with radiation, radiation with chemotherapy or chemotherapy was recorded. Early BEV treatment was defined as treatment with BEV at the first disease progression, and delayed BEV treatment was defined as treatment with BEV at the second progression or later.
Statistical analysis
Patients who were treated with BEV at diagnosis were excluded. Patients with radiographic disease progression within 3 months of completion of radiation treatment were excluded from the survival analysis because of their radiographic progression may be a pseudo-progression secondary to radiation treatment, unless progression was pathologically-confirmed. Progression-free survival (PFS) was defined as duration of time between the dates of first BEV treatment to disease progression, death or last follows up. OS was defined as duration of time from date of surgery to death or last follow up. PFS and OS were estimated using Kaplan-Meier methods, and log-rank tests were performed to compare survival curves between patients who received early BEV and those who received delayed BEV. Cox regression models were built to evaluate the association of clinical factors with survival. Differences between groups were calculated using the v 2 test, the t test or the Mann-Whitney test. Data were analyzed using Graphpad prism 5 (Graphpad software, Inc., La Jolla, CA) and SPSS 21 (IBM, Chicago, IL).
Results
Patient characteristics
A total of 298 patients with recurrent glioblastoma who received BEV were identified. Histology was confirmed as glioblastoma at MD Anderson for all the patients, of whom 12 (4.2 %) patients progressed from lower grade tumors. Fifteen patients were excluded because they received BEV at the time of diagnosis, and 38 patients were excluded because they could have had pseudo-progression. Among 245 patients included in the analysis, 142 (58 %) were men and 103 (42 %) were women, with a median age of 51.9 years. The KPS at the time of diagnosis was available Table 1 ). The dose of BEV was 10 mg/kg every two weeks in 93 (83 %) early BEV patients and in 105 (78.9 %) delayed BEV patients. In the remaining patients BEV was given at a dose of 5 mg/kg every 2 weeks in 10 (8.9 %) early BEV patients and 15 (12.3 %) in delayed BEV patients, and at a dose of 7.5 mg/kg every 2 weeks in 9 (8.1 %) early BEV patients and in 13 (9.8 %) delayed BEV patients. There was no significant difference in the dose of BEV between the two groups (p = 0.5).
Survival and progression
Median PFS was not significantly different between patients treated with early BEV and those treated with delayed BEV (5.2 vs. 4.3 months, p = 0.2) (Fig. 1) . However, median OS was significantly higher in patients treated with delayed BEV when compared to those treated with early BEV (25.9 vs. 20.8 months, p = 0.005) (Fig. 2) . Univariate analysis demonstrated that KPS, extent of resection (biopsy vs. gross total resection), number of recurrences before start of BEV (1 vs. C2), and time from diagnosis to start of BEV were the strongest predictors of OS. Neither age, number of lesions, chemoradiation, or time from diagnosis to start of BEV affected survival (Table 3) . Multivariate analysis (including KPS and extent of resection) demonstrated that time from diagnosis to start of BEV and the number of recurrences before BEV were significantly associated with survival (Table 4) , indicating an association between delayed BEV treatment and a small but significant favorable overall survival.
Discussion
BEV is the most recent FDA approved agent for recurrent glioblastoma based on improvements in radiographic response and 6-month progression free survival rates. [7] [8] [9] [10] In previous trials, although the population treated with BEV included patients with initial recurrence in addition to patients with two or more relapses, there was no published results on a difference in survival outcome between these groups. Thus, the issue of early versus delayed treatment with BEV for recurrent glioblastoma has become particularly relevant after studies have shown that after BEV failure tumors may be more aggressive and resistant to subsequent treatments [11, 12] . Our study demonstrated that for patients with recurrent glioblastoma delaying treatment with BEV was not detrimental to the favorable effect of BEV on progression-free survival.
Although there was a statistically significant difference in overall survival from time of diagnosis, it is difficult to make a conclusion regarding the overall survival outcome in this retrospective analysis. The results of this study provide evidence that patients with recurrent glioblastoma might still benefit from BEV when the treatment is delayed. The strategy of delaying BEV treatment relies on the observation that there is no effective treatment for BEV failure, which leads to the hypothesis that treatment with BEV results in a more aggressive tumor after BEV failure. The mechanisms underlying this phenomenon are not fully understood but may include triggering alternate pro-angiogenic pathways are following sustained anti-VEGF therapy involving other endothelial growth factors including fibroblast growth factor and platelet-derived growth factor [13, 14] , hypoxiainduced recruitment of numerous bone marrow-derived cells that have the ability to promote new blood vessels [11] , stimulation of endothelial cells to recruit pericytes to generate tumor endothelial cells more resistant to future anti-angiogenic treatments. [15] Furthermore, glioblastoma cells have shown the capability to alter to a more aggressive, mesenchymal phenotype by invading into normal brain via vessel co-option [16] , where tumor cells exploit normal blood vessels to spread throughout the brain when tumor angiogenesis is hindered [17] .
On the other hand, there is evidence that BEV may not be associated with an increased distant or diffuse recurrence of malignant gliomas at the time of failure when compared to patients treated with BEV-free regimens [18] , which may contradict the hypothesis that BEV treatment may result in more aggressive tumors after failure. There are several limitations to this study. First, it is a retrospective analysis of data that doesn't control all of the potential confounding factors affecting survival outcome. Although we have attempted to control for known clinical factors associated with improved survival, other prognostic factors including RPA class and molecular markers (e.g. IDH1 mutation and MGMT promoter methylation status) that we do not have available for review were not included in the univariate or multivariate analyses. Another possible confounding factor is that patients with more aggressive disease may be more likely to be treated with BEV earlier than those with less aggressive disease. We used the time from diagnosis to first relapse as a surrogate marker for the aggressiveness of tumors. There was no significant difference between the time to first relapse between patients who were treated with early BEV versus those patients treated with delayed BEV. The study did not include data about the molecular profile of the tumors which might have had a prognostic significance or the salvage treatment after BEV failure.
The question of the impact of the timing of starting BEV on survival outcome was-at least partially-evaluated in prospective phase III clinical trials (RTOG 0825 and AVAglio trials) randomizing patients to either receive Bev or placebo with standard radiation with concurrent temozolomide, and no overall survival benefit was found in both studies [19, 20] . In addition, in our study we exclusively investigated the timing of BEV in the setting of recurrent disease and not in newly diagnosed glioblastoma or in those with pseudo-progression.
A recent retrospective study evaluated the impact of deferred use of BEV on survival outcome in glioblastoma patients [21] . The conclusion was that delaying the use of BEV did not diminish its efficacy on survival, which supports the findings in our study. This study included patients treated with upfront BEV and stratified patients into groups according to the recurrence at which BEV was initiated (upfront, 1st, 2nd or 3rd? recurrences). In addition, this study extended the analysis to study the difference in the outcome between single-agent BEV and BEV with added chemotherapy, survival after BEV failure and characteristics of patients unlikely to continue any treatment after their first failure. Unlike our current study, their study did not exclude those patients who had, or could have had, pseudo-progression and did not address the time from diagnosis to BEV initiation as a variable that could potentially affect survival.
In conclusion, our retrospective study showed that delaying the use of BEV and seeking alternate treatment for recurrent glioblastoma is not associated with a worse survival outcome. This retrospective study has limitations but provide reasonable evidence that there may not be detrimental effects associated with delayed use of BEV in patients with recurrent glioblastoma. However, further prospective investigation is recommended.
